We aimed to assess male circumcision for the prevention of human immunodeficiency virus (HIV) acquisition in heterosexual and homosexual men using all available data. A systematic literature review was conducted searching for studies that assessed male circumcision as a method to prevent HIV acquisition in homosexual and/or heterosexual men. PubMed, Embase, Cochrane Central Register of Controlled Trials (CENTRAL) and ClinicalTrials.gov were searched in March 2017. A random effects model was used to calculate a pooled risk ratio (RR) and its associated 95% confidence interval (CI). In total, 49 studies were included in this meta-analysis. The overall pooled RR for both homosexual and heterosexual men was 0.58 (95% CI 0.48-0.70), suggesting that circumcision was associated with a reduction in HIV risk. Circumcision was found to be protective for both homosexual and heterosexual men (RR: 0.80, 95% CI 0.69-0.92 and 0.28, 95% CI 0.14-0.59, respectively). Heterosexual men had a greater RR reduction (72% compared with 20% for homosexual men). There was significant heterogeneity among the studies (v 2 = 1378.34, df = 48; I 2 = 97%). This meta-analysis shows that male circumcision was effective in reducing HIV risk for both heterosexual and homosexual men.
Introduction
The WHO and United Nations estimate that~30% of men are circumcised globally, predominantly in Asia, the Middle East and North Africa [1] . Reasons for circumcision include religious/traditional ritual, resolving infection, foreskin injury or abnormality. A relationship between male circumcision and prevention of sexually transmitted infections (STIs) was suggested as early as the 1850s [2] ; however, it was not until the 1980s that circumcision was considered as a means of HIV prevention [3] . Since then, a great amount of data have been published, mostly supportive of this protective effect.
Various theories have been proposed to explain the mechanism by which circumcision could reduce HIV. Circumcision may act indirectly by reducing the risk of STIs, and the data suggest that these infections increase the risk of HIV acquisition [4] . The impact of circumcision on STI risk was investigated as a secondary outcome of the present review. Circumcision could also have a more direct effect because the under-surface of the foreskin contains Langerhans' cells and CD4 + T lymphocytes, which are target cells of the HIV virus [5] ; foreskin removal therefore removes HIV targets. It has also been suggested that small tears occurring in the fragile foreskin are used as entry points for the virus [6] . The foreskin may aid HIV infection by trapping contaminated fluids or simply by providing a warm, moist environment for infections to thrive [6, 7] .
In the present meta-analysis, we aimed to assess a broad research base by including randomized controlled trials (RCTs), cohort, case-control and cross-sectional studies. Previous reports have either not separated studies into homosexual and heterosexual cohorts or have only investigated one sexuality. We aimed to explore both heterosexual and homosexual HIV transmission, together and then individually, by producing a pooled analysis of male circumcision for the prevention of HIV acquisition in heterosexual and homosexual men using all available data.
Subjects and Methods
The review protocol was prospectively registered on PROSPERO (registration number: CRD42017059213). We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) checklist for reporting the results.
Inclusion and Exclusion Criteria
All RCTs, prospective and retrospective cohort, case-control and cross-sectional studies comparing the effect of male circumcision against non-circumcision to prevent HIV acquisition were included. Studies were not limited by year of publication, location or language. Both heterosexual and/or homosexual male participants were included, identified by self-report. Circumcision status was determined by examination, medical records or self-report.
Ecological studies in which data were presented as a proportion of a country's population were excluded. Studies not reporting crude data or those in which crude figures could not be elicited were also excluded.
Outcomes
The primary outcome measured was HIV-1 and/or HIV-2 infection rate. Secondary outcomes were genital ulcer, syphilis, herpes simplex virus 2 (HSV-2), chlamydia, gonorrhoea and non-condom usage rate. The adverse event rate of circumcision was also investigated.
Search Methods
PubMed, Embase, Cochrane Central Register of Controlled Trials (CENTRAL) and ClinicalTrials.gov were searched in March 2017. The list of search terms for each database can be found in Fig. S1 . Reference lists of previously published reviews and studies were also scanned.
Data Collection and Analysis
Initially titles were screened for their relevance, followed by study abstract assessment. Full articles were then obtained and evaluated and duplicates were removed. Study data were recorded into a spreadsheet. Where data were presented as percentages, raw figures were calculated.
Risk of bias for each study was assessed using a modified Quality Assessment Tool for Quantitative Studies by the Effective Public Health Practice Project [8] . Representativeness of the population was considered for the study location. For example, if the study recruited participants randomly from the population this would be considered strong; however, if participants were recruited at a sexual health clinic this would be considered not representative of the population and thus weak. Assessment of circumcision was noted as strong if it was by examination and weak if it was by selfreport, similarly to previous reviews. Assessment of HIV status was considered strong if ELISA and/or Western blot was used and weak if it was by self-report. Since it was impossible to blind study participants, only assessor blinding was considered. If laboratory methods were used to assess HIV status, assessor blinding was assumed. Allocation concealment and sequence generation were also assessed for bias in the included RCTs. Publication bias was evaluated using a funnel plot.
Risk ratios (RRs) were calculated for each study, expressed with their 95% CI. Because there was variation in study design by researchers operating independently, the MantelHaenszel random effects model was used to calculate the pooled RR. Clinical and methodological heterogeneity was considered, and statistical heterogeneity was investigated using the chi-squared test. The I 2 statistic was calculated to assess the impact of statistical heterogeneity.
Subgroup analyses were conducted to investigate the cause of heterogeneity, with subgroups defined by study location and subject role during homosexual intercourse. Remove-one sensitivity analysis (sequentially excluding each study and reanalysing the data to evaluate the effect) was also completed to examine the impact on RR and heterogeneity. All analyses were performed using REVIEW MANAGER 5.3.
Results

Primary Outcome Results
The overall pooled RR for homosexual and heterosexual men was found to be 0.58 (95% CI 0.48-0.70), demonstrating that circumcision was associated with a reduction in HIV risk. The RR was found to be similar for all study types (RCTs: RR: 0.44, 95% CI 0.33-0.60; prospective cohort: RR: 0.50, 95% CI 0.33-0.76; retrospective cohort/cross-sectional: RR: 0.59, 95% CI 0.47-0.74; case-control: RR: 0.85, 95% CI 0.42-1.70). The protective effect of circumcision was reported by 30 studies, while 17 studies were inconclusive and 2 studies reported that circumcision was associated with an increased risk of HIV (Fig. 1) .
The RR for studies investigating homosexual men was 0.80 (95% CI 0.69-0.92), while the RR for heterosexual men was 0.28 (95% CI 0.14-0.59; Figs 2 and 3). Circumcision was therefore protective for both sexualities, but there was a greater benefit for heterosexual men, with a RR reduction of 72% compared with 20% for homosexual men. Tau Significant heterogeneity was present (v 2 = 1378.34, df = 48; I 2 = 97%). Even after grouping results by study type, heterogeneity was high.
Search Results and Description of Studies
Database searching identified a total of 3 450 studies (Embase: 1940, Pubmed: 1285, CENTRAL: 163, ClinicalTrials.gov: 62). Eight additional studies were identified through hand searching reference lists. A total of 350 abstracts were screened, followed by 146 full-text articles, before finally 49 studies were found to be eligible for the review. All 49 studies were included in the meta-analysis. Reasons for excluding the 3 401 studies included duplicates, studies not matching the inclusion criteria, studies not presenting crude data or studies in which crude data could not be calculated. The PRISMA flow diagram is shown in Fig. 4 .
The 49 studies included in the present review comprised a total of 198 125 participants. Three studies were RCTs, and three were case-control, nine were prospective cohort and 34 were retrospective cohort/cross-sectional studies. They covered a wide range of populations and locations, including Africa, Asia, Australia, North and South America and Europe. All studies were published in English between 1988 and 2016. Tables 1-4 show the complete list of study characteristics.
Risk of Bias
In all, 29 studies were considered to have study samples that were representative of their location populations. Fourteen studies determined circumcision status by genital examination and thus risk of bias was considered low. Circumcision by medical report or, more commonly, by self-report was assessed in 26 studies, therefore risk of bias in these studies was considered high. In the remaining nine studies, the circumcision assessment practice was not mentioned so the risk of bias was unclear. Most of the studies (40/49) determined HIV status by ELISA and/or Western blot, and risk of bias was considered low. Blinding of outcome assessment was generally taken to be effective in these studies as it was assumed the laboratory teams were not aware of their test subjects' circumcision status. Allocation concealment and sequence generation were considered for the three RCTs. A summary of the risk of bias assessment for each study can be found in Fig. 5 . Only one author in one of the included studies reported a conflict of interest [9] . calculated based on 29 118 participants). Finally, adverse effects of circumcision were reported in all the included RCTs. A total of 273 surgically related adverse events occurred out of 5 230 procedures in the intervention group, equalling a 5% complication rate. The length of follow-up was 24 months for two RCTs and 21 months for the third RCT. In two studies, events were categorized into mild (requiring no treatment), moderate (requiring treatment) or severe (requiring further surgery). Of the reported adverse events, 53% were mild, 45% were moderate while the remaining 3% were deemed severe.
Subgroup Analysis
For those studies conducted in Africa and Asia, the pooled RRs were calculated to be 0.50, (95% CI 0.40-0.63) and 0.55 (95% CI 0.38-0.79), respectively; however, for studies conducted in the USA, the RR was 0.84 (95% CI 0.69-1.04). This suggests differences in the effectiveness of circumcision against HIV may be present between countries. The proportion of participants who were circumcised in the studies conducted in Africa and Asia were 52% and 15%, respectively, while for the USA, 82% were circumcised. Because a greater proportion of men were circumcised in US studies, the protective effect was therefore simply proportionally less.
Further analyses were conducted to examine the impact of sexual roles among homosexual men. Out of the 18 studies investigating homosexual men, only six examined insertive men and four investigated receptive men. Circumcision was not definitively found to have a protective effect amongst predominantly insertive homosexual men (RR: 0.44, 95% CI 0.17-1.18) or receptive men (RR: 0.83, 95% CI 0.63-1.09). This is probably attributable to the small number of studies investigating the effect of sexual role on HIV acquisition.
Sensitivity Analysis
There was wide variation in study sizes, with the largest being the study by Gebremedhin [10] , with 70 554 participants (36% of the total subjects). This study was excluded and the data re-analysed. The RR did not change significantly, increasing from 0.58 (95% CI 0.48-0.70) to RR: 0.59 (95% CI 0.51-0.69), suggesting that this study did not overly influence the meta-analysis. Remove-one analysis also found that this study caused the highest heterogeneity, but its exclusion did not result in a significant change in the I 2 statistic (from 97% to 93%). Publication bias was assessed using a funnel graph (Fig. 6) . The studies appear to be evenly distributed about the mean effect size, suggesting an absence of publication bias.
Discussion
This meta-analysis provides compelling evidence that male circumcision is associated with a reduced risk of HIV. Circumcision was associated with a~40% risk reduction in HIV compared with non-circumcision. This relationship was stronger amongst heterosexual men, who had a 72% reduced risk compared with homosexual men who had a 20% reduced risk. The protective effect of circumcision was not clear amongst predominantly insertive and predominantly receptive homosexual men when considered individually, and more evidence is required. This is probably attributable to the small number of studies investigating the effect of sexual role on HIV acquisition in homosexual men.
Circumcision also has protective effects against some STIs (circumcised men have a 20% reduced risk of genital ulcers and a 15% reduced risk of HSV-2). The effect on syphilis, gonorrhoea and chlamydia is uncertain. Similarly, whether there is an association between circumcision and no-condom usage is uncertain.
The main strength of the present meta-analysis is the large number of studies and thus participants. Nevertheless, of the 49 studies included, only three were the highest class of study, RCTs, comprising just 6% of the total subject count. Most the studies in this analysis are poorer-quality studies, observational in nature rather than experimental. Furthermore, all three RCTs were terminated early after interim analyses indicated significant efficacy. However, even these three RCTs alone provide strong evidence of the protective effect of circumcision (RR: 0.44, 95% CI 0.33-0.60) and all other study types support this finding. Another possible limitation is that only 14 studies determined circumcision status by genital examination, while self-report was used in most of the remaining studies. This is a potential area for bias. However, There is evidence that self-report is an acceptable measure of circumcision even in countries where health education is limited [11, 12] . A strength of this meta-analysis is that 40 of the 49 studies assessed HIV status by ELISA and/or Western blot. Furthermore, the use of the random effects model is supportive because it provides a more conservative estimate. Finally, the sheer consistency of the results across the majority of the studies is a strong factor supporting the protective effect of circumcision.
Heterogeneity among studies was significant across all analyses in this review. Potential methodological sources of heterogeneity include differences in study design, assessment of HIV-1 and/or HIV-2, assessment of circumcision status, collection of information (e.g. questionnaires, interviews) and age at circumcision. Clinical sources of heterogeneity include differences in subject age ranges, sexual practices (e.g. condom usage, use of prostitutes), exposure to HIV and marital status.
Systematic reviews and meta-analyses have previously been conducted to investigate the protective effect of male circumcision on HIV, the most recent of which was published in 2015. That review assessed heterosexual HIV transmission [13] . Four additional studies containing a total of 14 406 subjects were published after that review was completed [14] [15] [16] [17] . Previous reports have only analysed RCTs [18, 19] .
The relationship between circumcision and a reduced risk of HIV in heterosexual men has been shown in three metaanalyses [13, 18, 19] . Two meta-analyses found that the protective effect of circumcision among homosexual men was not statistically significant (OR: 0.86, 95% CI 0.70-1.06 and OR: 0.86, 95% CI 0.65-1.13) [20, 21] ; however, the present report has shown that the relationship is in fact statistically significant. In the present review, we found the protective effect of circumcision in predominantly insertive homosexual males to be inconclusive, which is supportive of the metaanalysis by Millett et al. in 2008 [20] . Conversely, Wiysonge et al. [21] found that the protective effect was significant in this subgroup. These authors also indicated that the relationship for predominantly receptive men was inconclusive, supporting the findings of the present analysis [21] .
Before applying the results of the present meta-analysis into practice, several factors must be taken into consideration. One concern is that men who engage in sexual intercourse shortly after circumcision before wound healing is complete may be at a higher risk of contracting HIV. However, a pooled analysis of three clinical trials found that most men followed the postoperative advice to delay intercourse. Those who did resume sex early, were not at an increased risk of HIV, although the study power was limited. Thus men must be given precautionary advise to delay intercourse [22] . Furthermore, circumcised men may have an increased sense of protection from HIV and thus are more likely to partake in sexually risky behaviour [23] ; however, various studies conducted in areas where health education is likely to be poor found that risk compensation does not occur and, contrarily, risk-taking behaviour is often reduced [24] [25] [26] [27] . This review did not demonstrate any relationship between circumcision and no-condom usage. Finally, to increase voluntary medical male circumcision, social barriers must be confronted. A qualitative study in Zimbabwe found that circumcision was perceived as an 'alien culture' and associated with satanic rituals [28] . In Swaziland, there is a low uptake of voluntary medical male circumcision because of fear of the operation, perceived lack of benefit of circumcision and impatience with regard to the healing time [29] . Thus, advertising and medical promotion of voluntary medical male circumcision are essential.
In conclusion, the findings of this meta-analysis support the view that circumcision is associated with a reduction in HIV risk for both homosexual and heterosexual men. Furthermore, the complication rate of the procedure appears to be low. Voluntary medical male circumcision may therefore be an effective strategy for reducing HIV incidence.
